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1.	Introduction
Stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2) (HAp) is crystallographically similar to the calcium deficient heavily substituted apatites that dominate the composition of the main mineral component of bones and teeth[1, 2].  HAp is a calcium phosphate ceramic with an hexagonal structure and a stoichiometric Ca/P ratio of 1.67[3, 4]. An important characteristic of hydroxyapatite is its relative chemical stability within an aqueous environment, in comparison to most other forms of calcium phosphates ADDIN EN.CITE [3, 5, 6]. Due to its outstanding biological properties (e.g. excellent cytocompatibility, bioactivity, osteoconductivity, and its lack of induction of inflammatory response)[7], it has been applied to a wide variety of biomedical applications. Indeed, HAp is used in orthopedic and dental implants[8, 9], for bone tissue engineering[10, 11], for drug and gene delivery[12, 13] , for sustained drug release systems[14, 15] and as an adsorbent in column chromatography for purification and separation of nucleic acids and proteins[16]. 
Different strategies have been developed for the functionalization of hydroxyapatite, in order to confer new surface properties to this material. HAp has been functionalized via four main techniques: (i) direct reaction; (ii) coating; (iii) grafting and (iv) polymerization. Surface modifying agents can be bonded to HAp either directly via hydrogen bonding, or through mediators via electrostatic or hydrophobic interactions. Mediators mainly consist in amphiphilic compounds (containing both hydrophilic and hydrophobic moieties), including surfactants such as sodium dodecyl sulphate[17], hydroxysteric acid[18] or bridging agents such as decanoic and hexanoic acids[19] or dihydroxyphenylalanine derivatives[20].  Silanes can also act as bridging agents as they have a bonding ability and stimulate adhesion[21].  
Polyelectrolyte adsorption to HAp is an attractive functionalization strategy owing to its simplicity. Hence, the formation of polyelectrolyte multilayers at the surface of tricalcium phosphate/HAp ceramics promotes the adsorption of bone morphogenetic protein 2 (BMP-2) and has an osteoinductive effect[22]. Similarly, thiolated poly(ethyleneimine) was adsorbed at the surface of HAp prior to functionalization with BMP-2 via a maleimide-NHS linker[23]. The ability of poly(phosphorylcholine) zwitterionic polymers to interact with HAp surfaces was also exploited for the design of antifouling coatings preventing protein and bacterial adhesion to enamel ADDIN EN.CITE [24-26]. Polyelectrolytes can also be used to protect the surface from erosion. Hence, a chitosan-modified HAp surface was found to reduce acid erosion as it formed a swollen polymer coating at the surface of HAp that collapsed and protected the surface upon exposure to acidic solutions ADDIN EN.CITE [27-29]. 
Biomimetic peptides and proteins such as amelogenin have been proposed to bind to the surface of HAp, through the interaction of tyrosine residues and phosphate groups at the HAp surface[30], hence resulting in the formation of a thin coating. This was also demonstrated to regulate the nucleation of HAp crystals[31, 32]. In contrast, other biomimetic proteins such as osteopontin[33] and polyelectrolytes such as poly(acrylic acid), deoxyribonucleic acids[34], polystyrene sulfonate and poly(allylamine) were proposed to adsorb to HAp surfaces via electrostatic interactions with phosphates and calcium atoms. This process was also found to regulate the nucleation of HAp crystals, for example at the surface of silicon substrates coated with poly(electrolyte multilayers)[35], or in bulk solutions[36, 37]. This seems to be a relatively general mechanism and was also proposed to regulate the adsorption to other ceramics such as calcium carbonate[38]. 
Relatively little is known of the impact of polymer and protein adsorption on the remodelling of the HAp interface and most studies focus on the quantification of thin film formation at HAp surfaces and their morphology. Quartz Crystal Microbalance with Dissipation (QCM-D) has been used to monitor the direct adsorption of proteins and polymers to HAp ADDIN EN.CITE [39-43]. Typically, adsorption kinetics are fast, with deposition plateaus observed after a few minutes only. Immobilisation levels vary depending on the polymer between ~nm to µm (determined from frequency shifts). In addition, monitoring the dissipation component of the QCM data allowed to estimate the rigidity of the materials deposited at these interfaces. Atomic force microscopy has also been used to study morphological changes of HAp surfaces after various polymer treatments  ADDIN EN.CITE [27, 39, 44, 45], although no in situ information on coatings and substrate morphology (in particular swelling) was typically obtained from such measurements.  




      All chemicals were of analytical reagent grade and were used as received from the manufacturer unless stated otherwise. Xanthan Gum (CP Kelco, UK) and Hyaluronic acid sodium salt (Mw = 2,000 kDa) were kindly provided by GSK. Calcium/sodium poly(methylvinyl ether/maleic anhydride) copolymer (GantrezTM MS-955) was from Ashland, USA and carbomer (Carbopol® 974P NF) was from Lubrizol, USA.  Hyaluronic acid sodium salt (Mw = 196 kDa and 14.8 kDa; polydispersities of 1.44 and 1.96, respectively), poly(styrene sulfonate) (PSS), Heparin sodium salt from porcine intestinal mucosa (Heparin), phosphorus (V) oxychloride (POCl3), 2,4,6-trimethylpyridine, sodium bicarbonate (NaHCO3), calcium (II) chloride (CaCl2), calcium nitrate tetrahydrate (Ca(NO3)2 x 4H2O), citric acid, ammonium phosphate dibasic ((NH4)2HPO4), hydrogen peroxide (H2O2), ammonium hydroxide (NH4OH) and solvents (ethanol, sulfuric acid, hydrochloric acid and acetonitrile) were obtained from Sigma Aldrich. All solutions were prepared from 18.2 MΩ cm ultra-pure water and pH were adjusted using NH4OH (28-30%). Si wafers and HAp discs were purchased from Pi-Kem and Plasma Biotal Limited respectively.
2.2.	Preparation of models of hydroxyapatite 
      To mimic the chemistry and composition of HAp surfaces, we developed three models (Scheme 1): a thin film of calcium phosphate (Model 1), a thick layer of calcium phosphate (Model 2) and polished hydroxyapatite discs (Model 3).
2.2.1.	Model 1 
           Cleaned silicon substrates were phosphorylated to generate a monolayer of calcium phosphate. The CaP monolayer was formed on silicon substrates using a methodology adapted from the literature[46]. Silicon substrates prior to modification were treated with a piranha solution (H2SO4 : H2O2 (7 : 3)) for 30 min, then immersed in deionised water for 20 min, and then dried in a stream of nitrogen. Piranha solutions are corrosive and strongly oxidizing, therefore careful precaution should always be taken when handling this solution. The cleaned substrates were then immersed into a solution containing 200 mM POCl3 and 200 mM 2,4,6-trimethylpyridine in acetonitrile at room temperature (RT) for 24 h. Thereafter Ca2+ ions were incorporated into the phosphate monolayer via the incubation of the substrate in a 2 mM CaCl2 solution at RT for 1 h.
2.2.2.	Model 2 
            The deposition of HAp aggregates on silicon substrates was carried out according to a method adapted from the literature[47]. Aqueous solutions of Ca(NO3)2 x 4H2O and (NH4)2HPO4 were prepared at concentrations of 4 and 2 mM, respectively. A 6.5 mM citric acid solution was added and the pH of the resulting solution was adjusted to 7.4 using 10% NH4OH, affording the final reaction solution A. Silicon substrates were cleaned in a solution of NH3(aq):H2O2 at 80oC for 30 min, then rinsed in ultra-pure water and dried in a stream of nitrogen. The cleaned substrates were immersed into the reaction solution A and incubated for 10 days at RT. The resulting substrates were removed, washed in deionized water, dried in a stream of nitrogen, prior to characterisation of the thickness of the HAp coatings via spectroscopic ellipsometry. The thickness of the hydroxyapatite coatings was found to be 120-200 nm. A specific model was developed for each HAp-coated substrate prior to any further study of polyelectrolyte deposition. 
2.2.3.	Model 3
            Sintered hydroxyapatite discs (with diameters of 15 mm and 20% porosity) with a Ca/P ratio of 1.67 were prepared according to the literature[48]. Firstly, discs were polished on wet 1200-grit silicon carbide paper (3M United Kingdom, Bracknell, Berks, UK), followed by successive polishing with 3, 1 and 0.25 μm diamond polishes (Kemet International, Maidstone, Kent, UK) using a Buehler Metaserv Grinder–Polisher (Buehler UK, Coventry, Warwickshire, UK) for 10 min. The surfaces were cleaned by rinsing in ethanol, followed by sonication in ethanol for 30 min. Thereafter discs were rinsed extensively in water, treated in detergent solution (Teepol) and finally rinsed extensively in water, ethanol and water. The cleaned surfaces were dried under nitrogen and kept in a sealed Petri dish. Prior to the adsorption of polyelectrolytes, surfaces were plasma treated for 5 min.      
2.3.	Polyelectrolyte adsorption
Aqueous solutions of the desired polyelectrolytes at a concentration of 1.25 mg/mL were prepared. Polyelectrolyte adsorption was carried out by incubating the substrates into the corresponding polymer solutions for 10 min at RT. Preliminary experiments indicated that polyelectrolyte coatings did not further mature beyond this time point (characterised via ellipsometry). The substrates were removed from the solutions, rinsed in deionized water and dried in a stream of nitrogen. 
2.4.	 Surface characterisation
       Film thicknesses and optical constants, surface topography and chemical composition were measured using spectroscopic ellipsometry, AFM and XPS, respectively. 
2.4.1.	Ellipsometry
             The thickness of adsorbed polyelectrolyte layers was determined in situ and in the dry state using a J.A. Woollam -SE spectroscopic ellipsometer. Each sample was measured in three different position and experiments were carried out in triplicates. An average value of all measurements is presented. In situ measurements were carried out prior and after addition of the corresponding polyelectrolyte solutions in the cuvette, after 10 min incubation. Samples were then washed in situ using deionized water. For in situ measurements the refractive index of the buffers used for the specific experimental conditions was determined using a fluorinated silicon substrate reflective substrate. ψ and Δ were measured in air and in aqueous solutions at wavelengths between 400 and 900 nm and a fixed incidence angle of 70o. Analysis of the ellipsometry data was carried out by fitting with multi-layer models. The HAp layers generated were modelled using a b-spline model constructed from a sum of localized polynomial functions[49], allowing the refractive index, thickness of the layer and extinction coefficient to vary freely, overlaid at the surface of a silicon substrate. Once determined, this model was fixed in the case of Model 1 (non-remodelable), but its thickness was allowed to vary in the case of Model 2. The polyelectrolyte thin films depositing at the surface were treated using a Cauchy model[50], allowing to vary freely the refractive index, thickness and extinction coefficient of the layer. In the case of Model 3, a similar multi-layered model was used as in Model 2 (b-spline for the HAp layer, followed by a Cauchy), but without any underlying silicon substrate. 
2.4.2.	AFM
             The topography of substrates was investigated by AFM in air in semi-contact mode. A silicon probe (TipsNano, NSG01) with a nominal force constant of 1.45-15.1 N/m, radius of 10 nm and resonance frequency of 87–230 kHz was used to image all samples. AFM images were taken at a scanning size of 0.2×0.2 µm2, and the resolution was held constant at 256×256 data points. Both height and phase images for each sample were performed. AFM images were taken at RT and were processed using NewNova 1.0.26.1443 software.
2.4.3.	XPS
             XPS was carried out on a Thermo Scientific K-Alpha X-ray XPS System using a monochromatic AlK source operated at 150 W under ultrahigh vacuum conditions (10-9 millibar). Because the surfaces were not electrically conductive, sample charging during measurements was compensated using a built-in spectrometer charge neutralizing system, which floods the surface with low energy electrons (< 20 eV). Moreover, to be able to compare data, the C 1s hydrocarbon peak at 285.0 eV was used as an external standard for calibration of the binding energy (BE) scale. In order to identify the main peaks by their binding energies, survey spectra were collected from 1200 to 0 eV Afterwards high-resolution XPS spectra were acquired for O 1s, C 1s, N 1s, P 2p, Si 2p and Ca 2p. An analyzer pass energy of 1 eV and 0.1 eV was used for survey spectra and high resolution spectra, respectively. 
2.4.4.	Powder X-ray diffraction (PXRD)  
             Room-temperature PXRD was done with a Stoe Stadi-P transmission diffractometer equipped with a Cu X-ray tube run at 40 kV, 30 mA and a Ge 111 monochromating crystal to give Ka1 radiation at λ = 1.54056 Å. Data were collected with a Dectris Mythen 1 K silicon strip detector scanned from 2° to 65° 2θ stepped at 0.5° every 10 s. Data steps were 0.015° 2θ. The sample for XRD was obtained by filtration of the crystals formed in the reaction solution used for the preparation of Model 2 and drying in the oven at 35oC for 12 h.  

3.	Results and discussions
3.1.	Development and characterisation of models of hydroxyapatite   
  Electrostatic interactions are thought to dominate the adsorption of polyelectrolytes and proteins to HAp[51], but the conformation of the resulting adsorbed polymer chains has not been systematically studied. To evaluate the conformation of polyelectrolytes adsorbed at the surface of HAp, we proposed to use three different model systems that can be probed by in situ ellipsometry: (i) calcium phosphate monolayers generated at the surface of silicon substrates (Model 1), (ii) thin HAp coatings deposited at the surface of silicon substrates (Model 2), and (iii) polished HAp discs (Model 3). Hence, whereas model 3 can be considered as directly representing the composition and surface chemistry of HAp substrates, the simplified models 1 and 2 were intended to help the interpretation and validation of ellipsometry data. These substrates were characterised by ellipsometry (Figures 1A and B and Supplementary Figure S1), to develop the corresponding models and displayed refractive indices in the range of 1.65 ± 0.1  (for model 3) to 1.87 ± 0.2  (for model 2), in good agreement with indices reported in the literature (1.63-1.67)[52, 53]. In agreement with the expected structure of models 1 and 2, the thickness of the coatings measured were 0.7 ± 0.3 and 119 ± 46 nm. Chemical composition of these models was also confirmed by X-ray photoelectron spectroscopy (XPS, Figure 1C and D), clearly displaying peaks at 351.48 and 348.08 eV for Ca 2p and 134.28 eV for P 2p electrons, and X-ray diffraction (XRD, Supplementary Figure S2; note the presence of octacalcium phosphate)[54, 55].
3.2.	Adsorption of hyaluronic acid (HyA) to hydroxyapatite models
      We first studied the deposition of HyA on these different models (Figure 2 and Supplementary Figure S3), given the importance of this glycosaminoglycan in tissue engineering[56, 57]. In addition, to investigate molecular conformation of HyA after adsorption at the surface of CaP, we carried out in situ measurements. On model 1, HyA formed very thin coatings (< 1 nm, dry) with particularly high levels of swelling (up to 59 nm in deionized water), indicating very low densities of adsorption and high flexibility and hydration of the chains in aqueous solutions (Figures 2 A and C). XPS and ellipsometry characterisation of HyA adsorbed to model 1 indicated the loss of Ca2+ cations (Supplementary Figure S4; decrease in the dry thickness of model 1, from 3.2 ± 0.1 to 0.8 ± 0.1 nm; disappearance in Ca 2p peaks in the XPS spectra of washed substrates - red and green traces in Supplementary Figure S4), which seems to occur as a result of simple incubation of substrates in aqueous solutions, rather than be mediated by competition with soluble HyA. Hence cation displacement does not support the adsorption of HyA to model 1, and a low coverage density of polyelectrolyte chains is achieved, presumably via hydrogen bonding with phosphate groups. In the presence of Ca2+, slightly denser coatings were obtained (see Supplementary Figure S4), perhaps as a result of cooperative binding of the divalent cations by HyA chains and surface phosphate groups, but did not lead to less swollen polymer coatings. This is perhaps due to the tendency of HyA to bind divalent cations via competitive intramolecular interactions (forming octahedral complexes involving the N-acetyl and carboxylate groups of two disaccharide units), rather than complexation at the surface[58]. In addition, the absence of Ca2+ complexation results in repulsive electrostatic forces that limit molecular adhesion and favor chain swelling away from the surface, in aqueous solutions. 
In contrast, the dry thickness of HyA adsorbed to models 2 and 3 was significantly higher (32 ± 2.8 and 129 ± 1.6 nm, respectively, Figure 2A). However, the in situ wet ellipsometric thickness of these coatings did not increase as substantially as in model 1 (121 ±1.9 and 170 ±30 nm for models 2 and 3, respectively). This suggested a more compact and complexed structure. Indeed, a large swelling is associated with the response of soft hydrophilic materials, whereas stiff highly complexed coatings are associated with little swelling[59]. In addition, it was possible to determine the associated change in the thickness of the HAp coating in the case of model 2, as it had a finite thickness, by simultaneously fitting the polyelectrolyte and HAp layers in the ellipsometry data (Figure 2A only shows the change in polyelectrolyte thickness). Our data indicated that the HAp decreased by 34 ± 12 nm upon adsorption of HyA (see Supplementary Figure S5). Therefore, our data suggest substantial remodeling of the HAp interface, with partial dissolution of CaP, complexation by HyA and reprecipitation at the surface. This is supported by the known partial dissolution of HAp. Indeed, HAp can dissolve via a proton exchange mechanism[60, 61], a process that was reported to impact cell adhesion[62].
       To further investigate the mechanism of HyA adsorption to HAp, we monitored the deposition of macromolecules with different molecular weights (Figure 2B). Interestingly, on model 2, whereas the dry thickness of HyA coatings remained relatively similar, their swollen thickness was considerably higher for 2,000 kDa HyA (120 ± 1.9 nm, compared to 83 ± 2.1 and 68 ± 6.2 nm for 20 kDa and 200 kDa HyA). This suggests that large polyelectrolytes cannot generate as many anchoring points with the surface with the monolayer interface of model 1 as smaller macromolecules and adopt more extended conformations. Indeed, if HyA of all molecular weight resulted in similar densities of anchoring sites per chain (i.e. identical numbers of repeat units between anchoring sites), the level of swelling should be comparable. Hence, our results suggest that high molecular weight HyA chains display longer segments between anchoring sites, able to extend further away from the substrate.  In contrast, 20 and 200 kDa HyA molecules present comparable degree of swelling and therefore 200 kDa would be expected to display increased anchorage point with the substrate, compared to 20 kDa molecules. Interestingly, the dry thickness measured for HyA coatings on model 2 decreased with increasing molecular weights of these macromolecules, whilst their corresponding swelling increased. This implies a reduced degree of complexation upon redissolution of HAp, perhaps as a result of reduced molecular diffusion at the interface. Hence our data suggest a relatively dynamic process of interfacial remodeling controlling the adsorption of polyelectrolytes at the surface of HAp and dependent on the molecular weight of the adsorbing macromolecule. Interestingly, such processes are proposed to account for the mechanism of remodeling of HAp by cells and the associated integration of this ceramic within extra-cellular matrix[63]. Our data imply that direct protein adsorption can account for such phenomena.
To further confirm the adsorption of HyA to the different model substrates of HAp studied, we characterised these surfaces via XPS (Figure 3). Our data clearly indicate the presence of C and N atoms that are consistent with the chemical structure of HyA and are absent from the pristine models. In addition to the peak at 284.6 eV in the C 1s spectra of these substrates, peaks at 286.2, 287.8 and 288.9 eV appeared in the case of models 2 and 3, consistent with different complexation levels observed for HyA coatings in these samples. Finally, the topography of models 2 and 3 prior or after adsorption of HyA remained comparable, with a roughness in the range of 7 to 11 nm (Figure 4), indicating that interface topography was not significantly affected by this adsorption process, in the case of HyA.
In order to further confirm the occurrence of the dissolution-complexation-precipitation process proposed, we carried out additional experiments in which HAp discs were immersed in a solution of HyA next to a silicon substrate (Figure 5A). After 12 days of incubation at room temperature, we indeed detected the presence of Ca, P and C atoms at the surface of the silicon substrate (Figure 5 B-E). Therefore, our results are consistent with a remodeling mechanism for the adsorption of polyelectrolyte at the surface of HAp, rather than their simple adsorption. 
3.3.	Adsorption of other polyelectrolytes to hydroxyapatite models 
     Finally, we explored the generality of this process by investigating the adsorption of other polyelectrolytes at the surface of model 1 and model 2 (Supplementary Figure S6 and Figure 6). The dry thickness of all polyelectrolyte coatings were comparable, between 63 and 80 nm (Figure 6A) on model 2. However, whereas the degree of swelling of Gantrez™ MS-955, xanthan gum and heparin was comparable to that of HyA, films generated from PSS and Carbopol® 974P were considerably lower (hydrated thicknesses of 81 ± 11 nm and 107 ± 1.4 nm, respectively). This suggests that the strong polyelectrolyte PSS, which displays a particularly high charge density, complexes HAp more extensively. In the case of carbopol, partial crosslinking and reticulation of this polyelectrolyte (poly(acrylic acid)) is proposed to account for the observed reduced swelling. On model 1, polyelectrolyte coatings displayed dry thicknesses below 2 nm, whereas swollen thicknesses were in the range of several tens of nanometers (up to 80 nm in deionized water), indicating low grafting densities and high hydration of the grafted chains in aqueous solutions. The adsorption of these different polyelectrolytes was also confirmed by XPS, as evidenced by the presence of carbon atoms, as well as sulfur moieties in the case of PSS and heparin (Figure 6B and C). In addition, the topographies of these substrates remained relatively comparable, except for that of PSS-adsorbed HAp, which displayed a roughness of 3.3 nm (Figure 7). Therefore, our data indicates a relatively similar adsorption and remodeling mechanism at the surface of HAp, modulated by the physico-chemical properties of the corresponding polyelectrolytes. 

4.	Conclusions
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Figure 3. X-ray photoelectron spectra of hyaluronic acid deposition on Model 1 (red), Model 2 (blue) and Model 3 (yellow). The adsorption was carried out by incubating the corresponding substrates in the aqueous solutions of HyA at the concentration 2.5 mg/ml for 10 min at RT. (A) XPS survey spectra. (B) C 1s spectra. (C) N 1s spectra.






























Figure 6. Adsorption of different polyelectrolytes to hydroxyapatite substrates (Model 2). The adsorption was carried out by incubating the substrate in the aqueous solutions of polyelectrolytes at the concentrations 1.25 mg/mL for 10 min at RT. (A) Thicknesses of deposited polyelectrolyte coatings monitored via ellipsometry. The experiments were carried out in triplicate and each sample measured in three different locations. Selected XPS spectra: (B) C 1s spectra, (C) S 2p spectra. 





Scheme 1. Adsorption of polyelectrolytes on (1) a thin film of calcium phosphate (Model 1) and (2) a thick layer of hydroxyapatite (Model 2). 


Table 1.  Table summarizing corresponding atom compositions of different polyelectrolytes calculated via XPS.
 	C1s	N1s	O1s	S2p
Xanthan Gum	59.8	- 	32.2	 -
PSS	52.3	- 	31.0	1.7
Carbopol 	56.5	- 	31.7	- 
Gantrez	56.4	 -	33.4	- 
Heparin	54.1	2.3	29.6	1.5
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